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ABSTRACT

in this paper, a working prototype of i ji-
magnctometer based on electron tunncling is dc-
scribed.  The tunncling p-magnectometer offcis a
unique combinationof advantages including hipgh
resolution (~10 -9 Teslan1lz, ), veetor sensitivily wide
bandwidth (> 10 k11z), low power (<100 In\\'], stn.ll
size (1 cm X 1 ¢m X 0.6mm), robustness, widddy-
namic range (> 100 dB), and smalltempcratuic ot
ficient. The preliminary mist cquivalentinag etic
ficld (NIEB) for a prototype is 6 P11z, i vood
agreement with a device performan ce model. 1ne
response toincreasing DCand ac magnetic freldsns
also demonstrated. 1 finally, work inprogressteing
prove the NIiBto 4 Tz is described.

INTRODUCTION

The goal of this work is todeveiopa .2 axis
magnctometer which canbe integrated 1ntoascini
autonomous 10 cm-sized free flying magneiome (e
spacccrafltto measure magnetic ficlds on the arderol a
nT[1]. This 10 c¢m spacceraft would be cjected fyomy
an orbiting platform, carry outB field 1casticenients,
and transmit the data back to the orbiting platto o
relay toground. In addition to nT resol ution this

apphication inposes severe requirements onthe overall
.\i'/,(‘(L7]Il3),])()\’\’(71' (consumption (<100 mW), vector
sensitiv ity, radiation and thermal immunity, and
bandwidth ( 100 11z) of the magnctometer. For
commcicial applications, the magnetometer must also
he ineapensive, reliabl e, and possesses a wide
dynamic rang ¢.  Although the superconducting
quantun interfercunce device (S QUID) [2,3] provides
the most sensitive magnetic m casurement, SQUID's
also 1equire significant power for cooling. Other
mag nctometers have also been studicd for this
applicati on. Flux gate magnetometers, magnetoresis -
tors, and magnetotiansistors are currently being ¢ xam-
incd as candidate inagnctorneters, but do not yet meet
the full set of missionrequitements [4].

The tunnel ing, fi-magneto meter, described in
this work, offers a unigue combination of advantages
including high resolution (~1 09 Tesla), vector sensi-
tivity, wide bandwidth (> 10 k11z), low power (< 100
mwW), small size (L ¢m X Tem X 0.6mm), robust-
ness, wide dynanne range (>100 dB), and small tem-
perat ut ¢ cocflicient.In this paper, the development of
the g-magnetorneter based on an electron tunneling
transducer [5-7 Jis described. The electron tunneling
transducer, |- mag netometer prototype design and
char acterization, ind fol low-on research goal s are dis-
cussed in detail.




ELECTRON TUNNELING TRANSDUCLER

The clectron tunneling transduccr[5 7]y
bascd on scanning tunncling microscopy (S1NM)
which is used to study atomic surface stractun es [§]
In this technique an atomically sharp, conductive tip is
biasedat a small potential and broughtinto ¢iose
proximity (-10 /o\)()fa conductive, lypically
grounded, surface. At this small gapspacing, ¢l
tronsarce allowed 10 quantum mecchanically(uimnel
across the va cuum bart icr separating the tipaudthe
conductive surface. This clectron tunnchng cuncatas
exponentially dependenton the gap spacing. 7. b
tween the tip and the surface,

lunneling == 10 exp (-oZN D) (h

where o= 1.025 cV-1/2A-1 and @ is the potenbal
barrier between the tip and the conductive smibace.
Typical tunncling currents arc in the nA ;00 W 1t
gap sensitivity inthe sub-mA range. ‘
Scanning tunneling microscopy hashecien
tended to displacement transducers in the developincnt
of the silicon micromachined tunneling transducer | 5
7]. A cross-section of the tunneling transducerwith
control clectronics is shownschematicallyin 1 1puie |,
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Figure 1. Schematic of clectron tunneling g nigae

“1 he device is bulk-micromachined entirely from sili-
con, and consists of a silicon substrate which sup-
ports a fixed clectron tunneling tip and a deflection
clectrode, and a {lexible, low-stress silicon nitride
membrane (2.5 X 2.5 mm?2) which supports a counter
deflection electiode. All contacts are gold and the
(Ic.vice operates inambicnt (air) conditions. A voltage
1s applicd to the clectrostatic actuator electrode which
pulls the flexible membrane to within - J0A of the
tunnching tip and allows electrons to quantum mechan-
ically tunnclacross the air gap  barrier. A preamplifier
stage converts the ¢lectron tunneling current to atun-
neling voltage. The tunneling voltage is then com-
parcd to a presetvalue. Theoutput of the comparator
15 then fed back onto the electrostatic actuator to pro-
duce o wide bandwidth force-rebalan ce network. The
output o [ the comparator, Vi, is linearly proportional
to forces, 1y, perpendicular to the membrane, Wide
bandwidth opcration (>10kHz)and wide dynamic
range (>100 d B) are typical in this configuration [5].
The dominant noise in the tunneling transducer
isal ffpower spectium (~ 1T in the voltage. noise
spectium). A typical Hoist spectrum is shown in
Figure 2. The presenceof 1/7f noise normally
precludes 1)¢ operation of tunneling sensors. A
solutionto this problem is addressed in a later section.
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tometer. A magnetic field, B, perpendiculat to the Figype 2, Typical noise spectrum of a silicon micro-

current, lac, produces a Lorentz force, I', wlneliis
monitored by the clectron tunneling transduce.

machined tanneling transducer, showing the operating
pointfor a measurcment chopped at 200117,.




H-MAGNETOMETER DESIGN

The tunneling transducer is convertediog
magnetometer by fabricating a wire coil ontopy o fthic
flexible membrane as shown schematicallymbigure
1. The wire coil is positioned such that the wine sep-
mentssupported by themembrancarestiaight 'L ¢
segments as demonstrated in Figure 3 of the topvicw
schematic of the tunneli ng g-magnetom cter. When a
current passes through the wire.coil, a L.oirents foree
is produced,

¥ = nl.1Bsin0, 8]

where nis the number of loopsin the coil. 1 s the
length of the wire segment supported by themem
branc, 1 is the current through the Wire coil, Bis the
magnctic ficld, and O is the angle between the g
netic field vector and the wire. segmentssupportedby
the membrane. In this device, an oscillating corsent i\
applied to the wire coil. Therefore, the Lorentzforce
generated by interacti on with the magnetic ficld oscil-
lates atthe bias frequency. This is very importanibe
cause it allows thetunncling transducer tomicastica
static quantity (B field), by detecting the amplitiee' ol
a force oscillation. l.ow-frequency noise inithe trans-
ducer is therefore inconsequential to the measucnent:
only the noise at the bias frequency isrelevang T
example, anac current passing through the wire coilat
afrcquency Of 200 Hz will effectively shift theop.ia
ing point of the tunne jing p-magnetometer to ajow
noisc portion of the noise spectrum as showin i
Figure 2.
Tip TLocation Membrane
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Iigure 3. Top view schematic of tunncling g-maone-
tometer showing 3 loop wire coil fabricatcdiacrassu
low-stress silicon nitride thin film.

1 or the design of the first prototype, we sec-
leeted a simple design incorporating a single current
Joop, & 2.5111111X 2.5 nam membranc, and 30 pm tip.
Theminimumdetectable magnetic field, NEB, forthe
prototype design, can be calceulated,

NED - voltage noise

7 (transducerresponsivity )(Iorentz response)
35 PV

“«(5X 109 V/N)2.5X 105 /1)

2.8 uIIy, (3)

where voltage noise and transducer responsivity are
mcasured paramcters for the prototype, and the
lLorentz response to magnetic field isnll. (See
Hquation 2).

RESULTS/DISCUSSION

The prototype g-magnetometer was mounted
na n(m-magnclic]’il(‘k?lgo ona PC board containing
the force-rebalance network shown in Figure 1. The
PC board was then placed in a Helmboltz coil and ori-
cnted such that the magnetic field vector was perpen-
dicular to the wire coitline segments and in the plane
of the membrance. The Helmholtz coil was shielded
from the enviromnent with two levels of p-metal
shielding. Calibiated current source.s were used both
I or thehiascuirenton the tunneling f-magnctometer
and the 1 lelmhboltz coil. The output of the H-magn -
tometer. Vi, was monitoredusing a dynamic signal
analyzer which was triggered off the bias current for
the ge-magnetometer. A calibrated flux gate magne-
tometerwas Used as arceference sensor.

A typical output response of the tunneling pi-
magnetometer is shown in Figure 3 for a small DC
magnctic field, Bpy(., and anac magnetic field at 10
1 Iz, Bae. Because the bias currentin the wire coil is
biascd at 196117, theresponseto B(is @ peak inthe
Iourier spectrum at 196 1z, and the response to Bac
istwopeaksat1964 10117, The NEB for the proto-
type was tica sured at 6.6 /A z, This is in good
agreement with the theoretical calculation of 2.8
WI/VE17, whichis limited by an estimated valuc of the
mass of the membrancusedinthe calculation of thce
transducet foree sensitivity.




The prototype pi-magnctometer response 1o
BD(, and Bac are shown in Figures 4, 5. and 6 e
spectively. As predicted by the Lorent 7 force expres
sion, Equation 2, excellent linear response to the bias
current and the magnetic ficld fire.(iclllolls(t;it~'(i cxper-
imentally. In the case of the response 1o 1. the tun nel-
ing -magnctometer was biased at 400 Hz e
magnetic ficld (900 p'l, 10 Hz). A non-lincarits of
<1.3% full-scale output (FSO) is measurcd. 'The bios
currentusedin measuring, theresponse toDCmay
netic field is 10 mA, 400 Hrz. Non-lincatityinthis
casc 1s betlter than 2% FFSO. Finally, in measuring 1e-
sponse to the ac magnetic ficld, a bias currenito!10
mA, 1000 Nz is used and anm-linearity of <0.7 a1y
demonstrated.
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Figure 3. Output spectral response of a tunneling g
magnctometer to DC (peak at £ =196 Hv) and ac
(peaks at { = 1964 10 Hz) magnetic ficlds.

In addition to lincarity measurciicnts, respo:,
stvity measurements were taken and compared to th .-
orctical values. Since the tunneling f-magnctoncter
is controlled by a force-rebalance feedback loop the
responsivity can be calculated by cquating thore:
sponscs of the l.orentz force and the clectiosiatic
forces to the magneti ¢ ficld. The responsivity o: the
tanncling p- magnetoimeter can then be expressed .

IVL _ nll.d?

OB e0AVdel
where d is the spacing between the electrostatic actua

(3)

tor clectrodes, €() is the permittivity of frec space, Ais
the arca of the clectrostatic actuator clectrode and V!

is thestatie voltage applied at the onset of tunneling.
A theorctical responsivity value of 3.44 V/T'is inex-
cellentagreement with the experimental  value.of3.15
V/T. Note that the 1esponsiv ity is calculat ed exclu-
stvely from the (iL’vice structure and not from any fit-
ted parar neters. Also note that the responsivity can be
increascd dramatically by adjusting the device design.
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dgure 4. Outputicsponse of tunneling ft-m agne-
ometer to incteasing bias current. Incident magnetic
icld, B = 900 p'1,10 Hz. Non-lincarity < 1.3 %
1'SO.
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Figure 5. Outputiesponse of tunneling pg-magne-
tometer to increasi ng DO magnetic ficld. Bias current,
=10 miA, 400 Hz. Non-lincarity < 2 % FFSO.
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Figure 6. Outp ut response of tunncling - magne-
tometerto increasing ac magnetic field. BBiascunent,
I=10mA, 10001 I7z. Non-lincarity < 0.7 % 1 S

OrTIMI17ED DESIGN

Given the cexcellent agreement betwedr (e
device performa nce model and the measwedopertion
of the protot ype, producing an optimized tunnceling fi-
magnctometer is canbe easily accomplished  Liom
Equation 3, NEB can be improved by 700X by
adjusting the. device structure and operating point.
For example, the l.orentz force can begraltly
increased for a given magnetic field by incicasimethe
number of loopsin tile wire coil (n) from o 30und
increasing, the dimension of the flexible silicor 11 de
membrane (1 ) from 2.5 X 2.5 mm2 {5 X5 1m:
60 X overall improvement in NEB. By pushin ihe
operating point out from 200117 1o 10001 l». thevolt-
age noise. is reduced from 35 uV/\/]]'/, o lopN/ iy
3.5 X improvement in NEB. Finally, by micreasing
the currentinthe wire coil from 10 mA to 33 1mA
another 3.3 X improvement in NEB is produced ‘1 he
cumulative effect is to reduce the. NEB{ion /.8
uV/\/]]zlo AnTANHz by systematically adjusting the
designand operating point of thetunnclingniipie
tometer while maiptaining small size (1 ey anilow
power (<1 () rOW). This design is cunentlybeing
fabricated.

CONCIL.USIONS

A prototype p-magnetometer has been de-
signed, fabricated and characterized for use insmall -
spacecraftand conmmercial applications. The tunnel-
g (- magnctometer is fabricated exclusively from
silicon using bulk micromachining techniques to pro-
duce amicroclectyomechanical sensor which monitors
minute changes ina | orentz foree. The 1.orentz force
ivinduced by the interaction between a magnetic ficld
andacutrent loop supported on a flexible membrane
onthe dtvice. Anclectrontunneling transducer is uti-
lized to 1 nonitor the displacement of the membranc in
responsceto the 1.orentz.force using a force rebalance
network. 1oancarity, responsivity and noise equivalent
magnetic held (NEB) measureme nts are in excellent
agreement with a device performance model. Using
the device modcel, anoptimized device design is in
progresstoimprove the NIB of the. ~~-magnetometer
by adju sting simple device parameters. For example,
by adjusting the deviee design parameters to n = 30
loops. 1(1kHz) = 33mA,and }. = 5111111 X 5 mim,
anNLB of 4nTA1)7 is achicvable. This design also
maintains the low power, and small size requircments
necessary for gi-spacecr aft and commercial applica-
Hons.
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